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o Understanding of the relevant physics is essential to Artist’s concepts of hypersonic cruise hardware

reduce design margins and systems uncertainties
and, ultimately, guide the development of novel
innovative designs

o Disturbance environment and its effects on the
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Hypersonic Free Flight Disturbance Environment e

Free flight disturbances environment = converted to instability waves via receptivity process

adapted from Zhong (1998)
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Free flight disturbances environment = converted to instability waves via receptivity process

Controlled transition, wall
disturbances (BC or volume
forcing), defined amplitude and
frequency/wavenumber band

adapted from Zhong (1998)
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Hypersonic Free Flight Disturbance Environment e

Free flight disturbances environment = converted to instability waves via receptivity process

Controlled transition, wall
disturbances (BC or volume
forcing), defined amplitude and
frequency/wavenumber band

I M>1 ==7.a Instability Wave
. — »
inlet I
—»
I 5
I —»
| Freestream
Disturbance 2 = peanstic wave
Acoustic waves (pressure disturbances), ~ Wave e = entropy wave
entropy waves (temperature and density w = vorticity wave

disturbances), vorticity waves (turbulence). adapted from Zhong (1996)

Introduced at or near BC inlet.
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Hypersonic Free Flight Disturbance Environment e

Free flight disturbances environment = converted to instability waves via receptivity process

Introduced via forcing term (random low
amplitude noise), Edwards and Tumin (2018)

Thermal Noise

or Kinetic Flucuations Controlled transition, wall

Ed

disturbances (BC or volume
forcing), defined amplitude and
frequency/wavenumber band

I M>1 ==7.a Instability Wave
. — »
inlet I
—_—
I 5
I —)
1 Freestream
Disturbance 2 = peanstic wave
Acoustic waves (pressure disturbances),  Wave e = entropy wave
entropy waves (temperature and density w = vorticity wave

disturbances), vorticity waves (turbulence). adapted from Zhong (1996)

Introduced at or near BC inlet.
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Free flight disturbances environment = converted to instability waves via receptivity process

Introduced via forcing term (random low
amplitude noise), Edwards and Tumin (2018)

Thermal Noise

or Kinetic Flucuations Controlled transition, wall

Ed

disturbances (BC or volume
forcing), defined amplitude and
frequency/wavenumber band

I M>1 ey Instability Wave
: e
inlet I Surface Roughness
> (not to scale) o
I _— S Isolated or distributed roughness (e.g.
I 3 » Schneider 2008), surface perturbations,
I body vibrations (couple CFD and CSD)
] Freestream
Disturbance a = acoustic wave
Acoustic waves (pressure disturbances),  Wave e = entropy wave
entropy waves (temperature and density w = vorticity wave

disturbances), vorticity waves (turbulence). adapted from Zhong (1996)

Introduced at or near BC inlet.
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Hypersonic Free Flight Disturbance Environment e

Free flight disturbances environment = converted to instability waves via receptivity process

Introduced via acoustic beam in Introduced via forcing term (random low
a forcing term, Malik et al. (1999) 1} ermal Noise ~ @MPplitude noise), Edwards and Tumin (2018)
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Hypersonic Free Flight Disturbance Environment e

Free flight disturbances environment = converted to instability waves via receptivity process

Introduced via acoustic beam in Introduced via forcing term (random low
a forcing term, Malik et al. (1999) 1} ermal Noise ~ @MPplitude noise), Edwards and Tumin (2018)
Introduced via particle model or Kinetic Fl“c“‘am?s Controlled transition, wall
or modeling particle. Fedorov | Particulates ; disturbances (BC or volume
(2013), Chuvakhov et al. e e —» o forcing), defined amplitude and
(2019) e : frequency/wavenumber band
— & ity W
M>1 R iiop Instability Wave
P v v -
I >
inlet I Surface Roughness
> (not to scale) o
I _— ~ Isolated or distributed roughness (e.g.
I 3 - Schneider 2008), surface perturbations,
I body vibrations (couple CFD and CSD)
| Freestream
Dish}rban(‘v a = acoustic wave
Acoustic waves (pressure disturbances),  Wave e = entropy wave
entropy waves (temperature and density w = vorticity wave

disturbances), vorticity waves (turbulence). adapted from Zhong (1996)

Introduced at or near BC inlet.
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Particle Properties in Atmosphere Yr

Particulates are inevitably present in the atmosphere as well

as in wind tunnels (unless careful cleaning technique), and Approximate size distributions for particles with
they can be a major source of disturbance energy different origins in the Earth’s middle atmosphere
Properties and concentration of particles in the atmosphere 10%° ' ' v ' ' '
H . . . Gas Monomer.
are documented in the literature (also see Hypersonic Flight * )
In the Turbulent Stratosphere Research Team at UCB)
Highly variable and seasonably dependent "'é; o
. . . . .. 3T Dimers Multi-ion Complex 7
High concentration of particles can be obtained in ice clouds 5 sa{ltica!ccgr:tezse N
. -~ eteori OKe
(mostly in troposphere, regular crystalline shaped O(10- 5 Aitken Nucle Sultate Aerosols
1000 ) ) ) .E Volcanic Sulfate Aerosols
”’ m % ,_%Vo!canic Ash
Large amount of particulates are related to exhaust products s . , - 1L Polar Statospherio _
from rockets (O(10um)) &
Another important source of particulates is volcanic - . _ Aluminum Oxide
eruptions (O(1-20um)) Mcrometeorites
10-10 i —
104 103 102 101 109 10} 102 108

Particle Radius wm)

(adjusted from Turco, data before 1992)
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Particle Properties in Atmosphere Yr

Particulates are inevitably present in the atmosphere as well

as in wind tunnels (unless careful cleaning technique), and Approximate size distributions for particles with
they can be a major source of disturbance energy different origins in the Earth’s middle atmosphere
Properties and concentration of particles in the atmosphere 10%° ' ' v ' ' '
H . . . Gas Monomer.

are documented in the literature (also see Hypersonic Flight * )
In the Turbulent Stratosphere Research Team at UCB)
Highly variable and seasonably dependent "'é; o

-;'_3 o Dimers ulti-ion Complex 7
High concentration of particles can be obtained in ice clouds 5 Ea{ltica!cCEJr:t{rlse N

. -~ eteori OKe

(mostly in troposphere, regular crystalline shaped O(10- 5 Aitken Nucle Sultate Aerosols
100 O},lm ) ) ) ‘E / Volcanic Sulfate Aerosols

§ ',_J‘Io!canic Ash
Large amount of particulates are related to exhaust products % w0} ~ Polar Statospherio _
from rockets (O(10um)) &
Another important source of particulates is volcanic - . _ Aluminum Oxide
eruptions (0(1_20Hm)) ‘r.\/ligrometeori!es

-10 i I * 1

It is not a question of whether a flight vehicle encounters Yt 08 a2 01 100 0! 102 100
particles but rather how these particles affect the flow Particle Radius f.m)
field around them! (adjusted from Turco, data before 1992)
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Prior Research Studies & Findings

X-21 program (conduct LFC wing studies) is a well-known example
where particle induced-transition was relevant
* during flight through light cirrus cloud and haze conditions at

25,000 feet (with 50 miles of visibility) laminar flow was lost
[Bushnell 1990]
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Prior Research Studies & Findings 4k

X-21 program (conduct LFC wing studies) is a well-known example
where particle induced-transition was relevant
* during flight through light cirrus cloud and haze conditions at

25,000 feet (with 50 miles of visibility) laminar flow was lost
[Bushnell 1990]

JetStar configuration |
for LEFT program

Douglas
LETA (taken from Davis 1986)

Predicted laminar flow degradation within
clouds at 40kft and M=0.75 (for ice particles)

7 . 40,000, M=0.75
5x10 ?// Hall theory
61
5x 10 ://////
1 ~~ Region 4 %
«10°
Ambient s A,
particle 5x 10" |- \ AN
concerit?’ratlon , R:3|I%251\\ N \Regioﬁ 3\\\\\
m SX107 e k. partial loss of LF\
? particle \\\
5x10° |- size ! " Region 2
, too smail — 1o i0ss c;f LF;
5x 10! ' particle
0 0 120 concentration

Particle equivalent meited diameter, um oo fow
(taken from Davis 1986)
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Prior Research Studies & Findings 4k

o| X-21 program (conduct LFC wing studies) is a well-known example
where particle induced-transition was relevant
* during flight through light cirrus cloud and haze conditions at

25,000 feet (with 50 miles of visibility) laminar flow was lost
[Bushnell 1990]

o Transition mechanisms of particles passing through an initially
laminar boundary layer: [Hall, Davis (1986)]

1) incident particles must have a sufficient size (or particle
Reynolds number) to produce a turbulent spot

2) particles must stay inside the boundary layer for a sufficient
time to generate turbulence

3) the particle flux must be large enough to resultin a
sufficiently large region of turbulent flow

» critical particle size to cause transition was determined to be
17/34 microns at an altitude of 25,000 feet

o Atmospheric particulates are capable of initiating laminar-
turbulent transition on aerodynamically smooth surfaces for high-

speed vehicles
[Fedorov 2018,Churakov 2019]

JetStar configuration |
for LEFT program

/Douglas
LETA (taken from Davis 1986)

Predicted laminar flow degradation within
clouds at 40kft and M=0.75 (for ice particles)

7 . 40,000, M=0.75
5x10° % Hall theory
61
5 10 //R//{//
~ Region
5x10° |- Gl ot P
Amttl_ielnt s A
particle s5x10° | \
trati : )\ KN Lo .
concer13ra ion R:glg; l\\ \ Region 3\\\\
m 3 | no loss .
SX107 - e F partial loss of LF\
? particle \\\\\\\\
5x10° |- size ! . Region 2
) too small: /I:O ;?SS (;f LF;
5x 10 ' particle
0 20 120 concentration

Particle equivalent meited diameter, um oo fow
(taken from Davis 1986) 21




Particle Flow Interaction Mechanisms Y

Different mechanisms of how particles affect low and high-speed transition were summarized in Bushnell (1990):

1) roughness generation via impacting or sticking to the X 4
surface, Bow Shock
Particle or Particle
2) vortex or vorticity shedding when particle is Cloud Trajectory Shock Layer
immersed in or external to the boundary layer, M>1 1 5
> ortpl D R P ———
3) boundary-layer mean shear can cause particle > - T~ - Body
rotation and consequent fluid motions, > ’i/ \ .
N Xy
4) "reverse shocklets” can occur when particle passes > \"\\_\_‘__
through the vehicle-induced shock, and > -EF&EA'I;E&;;
5) after particle impacts the surface it can rebound and X2 A Bow Shock
dynamically interact with the bow shock induced by oo/
the vehicle causing the formation of jets and shear- X o 2
layers. | Boundary Layer

Xy

> Not a complete list very few fundamental studies
have been conducted, especially for hypersonic flow.

22




“Develop numerical strategy for simulating particle flow
induced instability waves/wavepackets for hypersonic
transition prediction.”



Outline

Numerical Methods

BitCart, Dual-Mesh Approach, and AMR.



Solver Overview & Simulation Approach Y

o Compressible Navier-Stokes equations with in-house

multi-physics solver BitCart (developed at UK/UA/AZES) Simulation Domain

= Conservative FD scheme .

* Higher-order shock capturing (CWENO-6) for convective M: 0.01.02.13814.151627.28292
terms e

= 4th-order accurate treatment of viscous terms . lpskstructured Carvesian AMR)

» Higher-order explicit and implicit time-discretization boundary

» Higher-order immersed boundary method (IBM)

» Multi-species, gas chemistry, multi-phase, etc.

» Fluid-structure interaction (FEM CSD solver)

= Particle solver

= Grid: generalized curvilinear, block-structured, adaptive
mesh refinement (AMR) Cartesian, dual-mesh overset

particulates

o DNS of particle flows: solve nonlinear disturbance
equations with IBM, AMR, and dual-mesh approach
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Solver Overview & Simulation Approach Y

o Compressible Navier-Stokes equations with in-house

multi-physics solver BitCart (developed at UK/UA/AZES) Simulation Domain
= Conservative FD scheme e
= Higher-order shock capturing (CWENO-6) for convective M: 0.01.02.13.14.151627.2829.2 =
terms Tt

______________________________________

= 4th-order accurate treatment of viscous terms low

» Higher-order explicit and implicit time-discretization boundary

» Higher-order immersed boundary method (IBM)

» Multi-species, gas chemistry, multi-phase, etc.

» Fluid-structure interaction (FEM CSD solver)

= Particle solver

= Grid: generalized curvilinear, block-structured, adaptive
mesh refinement (AMR) Cartesian, dual-mesh overset

Disturbance Flow Domain :
(blockstructured Cartesian AMR) |

particulates

o DNS of particle flows: solve nonlinear disturbance
equations with IBM, AMR, and dual-mesh approach

o/ AMR-WPT: Motivation was to develop method that has
fidelity of DNS but at a reduced computational cost.
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Nonlinear Disturbance Flow Formulation: NLDE e

OW OF 0G OH 3D Compressible N.S.
ot T oz T dy T2z =" invector form
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Nonlinear Disturbance Flow Formulation: NLDE e

al& OF 0G OH 3D Compressible N.S.
ot oz T dy T2z =" invector form

5 5
pii i+ pi il
R W=W+W=W+W,+W,; = |55 |+ | po+p0 | + |
o pio + pio o
_f)Et_ _ﬁEt + ﬁEt_ _f)Et,_
S—_— —— e

baseflow  linear disturbance nonlinear disturbance
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Nonlinear Disturbance Flow Formulation: NLDE e

W=W+W=W+W,+W, = | 55|+

oW

+6G+

oH

p p
pi Pl + pil
A v+ pi
P P+ i
pE, pE; + pE,
L | L _
baseflow  linear disturbance

ot T oxr Oy 0z

3D Compressible N.S.
0 in vector form

Viscous flux

il
+ pu o] [ o ]
o (Tee | | BTaz + ez
F I . __
_p t_ —> FV = T | HUTzy | = | HTzy + HTzy
nonlinear disturbance /]7_' ,L_t’/: + ,[L'F
Tz Tz Tz
£ &
L - L .

pi
pu’ +p
puv

puiD

pii + pii
pu? + 2puil + p
puv + pud + piv -

pUW + puw + puw

(PE: + p)u

(ﬁEt + /7Et + [;)’I_L + (ﬁEt + [7)11

pu
pu? + pu® + 2pui
PUuD + puv + pud + pud

pUW + Puw + puw + puw

(ﬁEt + ﬁEt + /jEt + ]3)12 + ,[;Et’l_l,

baseflow

linear disturbance

nonlinear disturbance

Convective flux

baseflow linear disturbance

nonlinear disturbance

_ -oT
&= 7,& (ailr.’lr + ﬁf’x:y + /Ujixrz) - ka_
xr
g[ = —j ('a%:r:r, + '1777—171-, + ﬁ‘;.ry + {)fry + 'm%ﬂc: + 'lz'f:r,z) -
~oT - oT
—k——, and

A (UTgq + Uy + WTez) — k%

Eml = —[ (ﬂi—:l?.’l? + 1.77.':17_1/ + ’U.J'F;l:z) -

[L (Ei—:l?.’l? + UTpy + UTze + 'l_ﬁ-:ry + ['7_-(1/ + {)izry + WTgy + Wz + lz'il:z)

ox’

-oT
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Nonlinear Disturbance Flow Formulation: NLDE e

OW  OF 9G OH _

ot +8x+8y+82

p 7

3D Compressible N.S.
egns in vector form

P P+ pit pi
W=W+W=W+W,+W, = ||+ | po+p0 | + o |

pw P+ i b

pE, pE; + pE, pE,

L | L _ L _
baseflow  linear disturbance nonlinear disturbance

OW N
ot Ox

ot * or Oy T 0z

oW N OF . oG . oH
ot or Oy 0z

oy | 0z

OF 0G 0OH <av‘v OF 0G aﬁ)
+ = — + :

3D Compressible N.S.
disturbance flow egns
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AMR Dual-Mesh Approach

disturbance flow AMR mesh

steady boundary layer flow statibnary mesh

o AMR is a proven methodology for multi-scale problems with an extensive existing
mathematical and software knowledge base

o Higher-order accurate inter-level operators (implementation is similar to Kiris et al. (2018))
o Octree-based donor cell search algorithm for dual-mesh approach
o Sensitivity parameter ¢ controls mesh refinement/derefinement

@ = max (malxdalqlb'ﬂ) , manaz(lpéD . ) based on tracking variable ¢’ (x, t, Q")

o What is the best set of tracking variables? Compromise between efficiency vs. accuracy!

31



AMR Dual-Mesh Approach

disturbance flow mesh
t t; t3

fo);

Q

High grid resolution is only required locally,
and temporal sub-cycling on the octree-based
block-structured Cartesian mesh allows to
efficiently simulate particles over time.

Validation case: M=5.35 Flat Plate
Boundary Layer, strongly nonlinear
amplitude pulse

ks

Disturbance flow formulation of 3D
compressible Navier-Stokes Equations

OW OE OF 0G
+ — + =

ot Tor T, T, 7Y

O. M. F. Browne, A. P. Haas, H. F. Fasel, and C. Brehm. An efficient strategy for
computing wave-packets in high-speed boundary layers. In 47th AIAA Fluid
Dynamics Conference, Denver, CO, 2017.

O. M. F. Browne, A. P. Haas, H. F. Fasel, and C. Brehm. An efficient linear
wavepacket tracking method for hypersonic boundary-layer stability prediction.
J. Comput. Phys., 380:243-268, 2019.

A. P. Haas, O. M. F. Browne, H. F. Fasel, and C. Brehm. A numerical jacobian stability-
solver based on the linearized compressible navier-stokes equations. In 47th AIAA Fluid

Dynamics Conference, Denver, CO, 2017.

O. M. F. Browne, A. P. Haas, H. F. Fasel, and C. Brehm. An efficient nonlinear
wavepacket tracking method for hypersonic boundary-layer flows. JCP, revised.

A. P Haas, O. M. F. Browne, H. F. Fasel, and C. Brehm. A time-spectral numerical
jacobian based linearized compressible navier-stokes solver for hypersonic boundary-

layer stability. JCP, accepted. 39



0.06
0.04
0.02
0.00
-0.02
-0.04
-0.06

z

1 InJ1n L 1 1 L 1 xl 1 |n_|?0 1 | 1 1 | Il 1 In 130 1 1 L 1 1 Il 1 In lAQ | 1 1 | 1 1 | IO 150 Il Il 1 1 L 1 1 I(I Iﬁm 1 1 | 1 1 | 1 InJ7G




Comparison Against Standard DNS Approach

Current AMR Approach
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Comparison Against Standard DNS Approach
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Comparison Against Standard DNS Approach

Current AMR Approach
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Particle Model

Particle-Source-In-Cell Method Simulation Approach
Kinematic equations:

Xp = particle position

d Xp R vp = particle velocity
J - VD>
dt Cp = drag coefficient
Newton’s second law:
; R,, = particle radius
av,
p
m,—— = F,. ' — fluid veloci
P dt 2 v = fluid velocity
Force by Chuvakhov et al. (2019): p = fluid density
n 2 Re = relative Reynolds number
Fp=—5Cpp [vp — V[ (vp — V)T R,.

M = relative Mach number

Crowe (1967)

Cp = (Cp,in — 2) el 73632 #e9(Re)))

h (JU) (_ Re )
S\ T 2M 2
1.183M ¢ e
logio (g (Re)) = 1.25(1 4 tanh (0.77log,o (Re) — 1.92)), and
0.5

T
h(M)=23+1.7 (% — 2.3tanh (1.17log,o (M)) .
Morrison (2013): - " —7.94
- 24, 26 fie) . 0.411 (——2.63x105) L 025 (fe
B A . ] .\ 1.52 _8 Re
he 1+(TC) 1+(2.63R><6105> 1+(10

Different Positions

Particle properties:
V,=1180m/s, and R,=10pum
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T T T T
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Particle properties:
V,=1180m/s, and R,=10pum

/ a=0.76

0=0.7 & 0.6
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Elastic vs. Inelastic Collision

Elastic Collision

£--c-oIIITEEES-TTTTT

Inelastic Collision

Note: Dashed lines mark approximate path of particle.
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Outline

Simulations Results

Validation, and 2D/3D patricle flow simulations results.



DNS of Partlcle Implngement for Mach 6 Flow Y&

Two-Step Simulation Approach:

Tempor G/ - first mode (InVISCId) . .
4f- growth rate : second mode (nviscid) 1.) baseflow computation & 2.) AMR particle tracking simulation
[ Vs M —— second mode (viscous) . . . L. .
A e o Particle flow simulation approach was initially tested in 2-D (or
[ axisymmetric) flows
:\\Odeg
2:‘ *\45 o 7 o Initial 2-D simulations involve flows where second mode is the
L /4’—’ ~y TR most dominant instability mechanism
1 65 T~
Repg@d,/u% d by
O- (1.9.69y/| L . ‘ R R
0 2 4 6 8 10

Mach 6 Cone 7 degree opening angle

j

I === | :
850.0 8550 860.0 8650 8&70.0 41




Pressure Signature

x=0.014
\WWVWW" A)
\ \
\ \
\
\ \
09002 ) 0.0004 0.0006
\ time
"\ t ' x=0.026
N .
\ \
\ \
\ \AMMV \
A\ N
\
\
\ \
\ \
0.0002 N 00004 © 0.0006
\ time
\ ~ 0.038
\ X=0.
\ N
\ \
\ \
- JM N
0.0002 0.0004 0.0006

time

ks

Disturbance pressure signal is
sampled at the wall via point
probes,

After performing an FFT on the
signals, the dominant and
amplified
wavenumbers/frequencies can be
obtained,

The type of instability (first,
second, higher-modes, cross-flow
etc) that is introduced can be
identified,

Calculating N-factors can be used
to predict transition location,

Moving towards biorthogonal

decomposition with Tumin (UofA).
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Flow Visualization — Disturbance Pressure Y%

N-Factor (from LST)

Surface Pressure o Mach 5.35 Boundary Layer Flow 200
401 After shock conditions:
P-=1297 Pa, p..=0.071 kg/m3,
20] T.=63.9 K & Re=14.6-10°m"1
5150
o o Particle properties: S
p,=1000 kg/m3, R,=5 um =
V,=[cos(7°),sin(7°)] 871 m/s 2
. x,=[0.11,0.004] m & Re, =146 100

-40

0.10 0.20 0.30 0.40
X [m]

Contours of Disturbance Pressure




Pressure Signature

Particle collision location located upstream of neutral curve

Pulse Disturbance - trigger second mode
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Particles of size 10pm leads to non-dimensional pressure signature of py/pe = O(1073 — 107%)

Pressure signature is highly dependent on flow conditions, particle properties, impingement location, etc.
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Pressure Signature Y

Particle collision location located upstream of neutral curve

0 T T T T T T 0 T T T T T
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p ﬁ o N D3 4 e N 12180 /"'d £
10°} N N B N S <= B G
o d f o) \jé&x > Lx=03 ® Y Liso £ ¢ ¥
© o L, x=0.4 o A=
g 10 2 i . %d; / % %‘ a L, x=0.5 | -g 102 a t :::gg -
= % %ﬁh& Og""’ DS =
CEL 3‘ 2 O? v - g- -3
@ 10 L /7 N Ry E @ 10 :
7 \®
20% / \.\ %: B DOEF
10°F LS 107} 3
‘\ w
1 1 1 1 Lo 1\ 1 1 1 1
0O 50 100 150 200 250 300 350 01 02 03 04 05
frequency X

o Particles of size 10um leads to non-dimensional pressure signature of py/pe = 0(1073 — 107%)

o Pressure signature is highly dependent on flow conditions, particle properties, impingement location, etc.
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Pressure Signature Y

Particle collision location located upstream of neutral curve
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o Particles of size 10um leads to non-dimensional pressure signature of py/pe = 0(1073 — 107%)

o Pressure signature is highly dependent on flow conditions, particle properties, impingement location, etc.
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Pressure Signature

Particle collision location located downstream of neutral curve

Pulse Disturbance Particle Simulations

350 | l ' l 50(IJE-01 350 | l l ' 5.055-01
300 | 300}
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o Particle impingement at downstream location inside neutral curve for relevant frequencies

o Results for pulse and particle simulations are very different (due to initial disturbance level and receptivity)
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Pressure Signature Y
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o Particle impingement at downstream location inside neutral curve for relevant frequencies

o Results for pulse and particle simulations are very different (due to initial disturbance level and receptivity)
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Effects of Particle Size
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o Broad frequency spectrum introduced by particle collision (with low frequency peak)
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Effects of Particle Size

Pressure amplitude versus frequency for different particle sizes
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o As expected, larger particle size lead to vertical shift in amplitude curves

o In addition to higher disturbance amplitudes, a change in spectrum is observed
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Fedorov (2013)
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o Rough estimate for excitation frequency captures first peak in the spectrum (f ~ v,/28q),
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Effects of Particle Size

Pressure amplitude versus frequency for different particle sizes
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o As expected, larger particle size lead to vertical shift in amplitude curves

o In addition to higher disturbance amplitudes, a change in spectrum is observed
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Effects of Particle Size Y

Pressure amplitude versus frequency for different particle sizes Estimate of excitation frequency
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o As expected, larger particle size lead to vertical shift in amplitude curves
o In addition to higher disturbance amplitudes, a change in spectrum is observed

o Rough estimate for excitation frequency captures first peak in the spectrum (f ~ v,/28q),
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3D Flat Plate BL Particle Flow Simulation Y%

3D Mach 5.35 Flat Plate Boundary Layer Flow
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3D Flat Plate BL Particle Flow Simulation

Simulation Setup:
7°Wedge, Mach 6
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3D Flat Plate B-L Particle Flow Simulation
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3D Flat Plate B-L Particle Flow Simulation

400

300}

frequency
N
o
o
T

x=0.055

s

1.00E-08
8.98E-09
7.96E-09
6.93E-09
5.91E-09

4.89E-09
3.87E-09
2.84E-09
1.82E-09
8.00E-10

100
0—=0 0 50
wavenumber
400 10008
300F Sa7E00

frequency
N
o
(@]

—

o

o
T

2.84E-09
1.82E-09
8.00E-10

-20 0
wavenumber

20

400

300

frequency
N
o
o

400

300

frequency
N
o
o

x=0.15

1

1.00E-08
8.98E-09
7.96E-09
6.93E-09
5.91E-09

4.89E-09
3.87E-09
2.84E-09
1.82E-09
8.00E-10

20 0
wavenumber

20

x=0.25

1.00E-08
8.98E-09
7.96E-09
6.93E-09
5.91E-09

4.89E-09
3.87E-09
2.84E-09
1.82E-09
8.00E-10

20 0
wavenumber

20

Particulate collision with
boundary-layer upstream of
neutral curve,

Frequency-wavenumber
plots for various
downstream locations,

Wavepacket dominated by
second mode 2D instability,

Validated against wall-
forcing simulations,

¥

56



3D Flat Plate B-L Particle Flow Simulation

Sivasubramanian et al. 2016
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3D 14° Wedge Particle Flow Simulation

Flow conditions:

14° Straight Wedge
Mo 4
Reo (1/m) 7.381 x 10°
Poo (N/m?) 5530
o (K) 216.7
Us(m/s) 1180.305

o M=4 wedge flow is first mode dominated
o) Comparison with Chuvakhov et al. (JFM 2019)

X " Chuvakhov et al. (2019) conclude that receptivity
lindifferent to particulate rebound
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M=4, 14° wedge

o AMR is ideal candidate for

particulate induced transition
simulations due to different
scales that need to be resolved
(e.g. 10um particle, 80 points,
grid spacing of 0.125um or 1.25
x 107)

Greater resolution needed for
computing particle trajectory
than for resolving downstream
wavepacket development,

Grid levels can be removed
after particle collision detected.



receptivity
region

Adjusted from Churakov (2019)



3D 14° Wedge Particle Flow Simulation
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3D 14° Wedge Particle Flow Simulation
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3D 14° Wedge Particle Flow Simulation
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3D 14° Wedge Particle Flow Simulation

o B-w diagrams
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3D 14° Wedge Particle Flow Simulation Y

o B-w diagrams «=0.2

Current work - particle impingement Chuvakhov et al. (2019)

1000

0.
L)
0
0
0
0
0
)
0
K
0

o 500 10B00 1500 2000

66



3D 14° Wedge Particle Flow Simulation

o B-w diagrams «=0.2

Current work — pulse disturbance Chuvakhov et al. (2019)
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IB-based Particle Simulation Y

Immersed Boundary Methods: Motivation

* Why IBM Cartesian mesh methods? |
* Grid generation process can be fully automated I

» Cartesian mesh provides excellent numerical QF ‘
solution properties (although boundary
operators can be problematic) re)

* Higher-Order accuracy can be obtained in a
straight-forward fashion for interior operators

* Well-suited for exa-scale computing (data
locality, tree-structure, etc.)

* Fully-Eulerian solver approach for fluid-
structure interaction problems (eliminating
procedures for mesh deformation, transfer of
solution from Q" to Q" etc.)

(Peskin et al., Goldstein et al. , LeVeque and Li, Wiegmann and Bube, Linnick and Fasel, Johansen and Colella, Mittal and laccarino, Zhong, Duan et al., etc

b+

\
00/

a Cartesian grid, where fluid and solid
domains are marked with £ and (X, and
immersed boundary as €2 .



B-based Particle Simulation LT

mmersed Boundary Methods for NLDE: F-D stencil

* The forward-flux, F+, and the backward- e Irregular grid point

flux, F-, are discretized with nth-order R AREERREARS |
accurate upwind-biased finite- T jestiltes
differences using centered grid stencils ] [sle” Nl
. T led Ve
as proposed by Zhong (a determines sls \os
degree Of upWIndIng)’ | ::l\ ‘l}f:q . computational domain, O
] + : .\ :: 'bit?:tarygw AX AX AX AX AX AX
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c«is the kth FD stencil coefficient
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|IB-based Particle Simulation

Non-Conservative Treatment of Viscous terms:

0Tyy  dpdT (au N 617) 0%u N 0%v
gy _ dTay\ay  ax) " *\ayz " ayax

* |In disturbance flow formulation:
u=g+gGT=T+Tu=u+04&v=70+7

* avoids computing baseflow derivatives after interpol
* showed higher accuracy than conservative approach

 all derivatives are computed directly:

first and second derivatives
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mixed derivatives
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disturbance pressure, p
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disturbance pressure, p

Close up view of particle
and initial AMR mesh
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disturbance pressure, p

Initial particle position




Outline

Summary, Outlook, & Research Interest

Summary of presented research
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Summary and Outlook

o Developed efficient approach for particle-flow interaction simulations,
o Particle-impingement considering different sizes and forcing locations,
o Predominantly linear receptivity process (depends on flow condition),

o Results potentially indicate that particle impingement is difficult to model
considering a simple pulse when the disturbance is introduced downstream

of the neutral curve,

o Moved to a higher fidelity approach by modeling the particle with an
immersed boundary approach,



Summary, Outlook & Research Interests Y

Thank you for listening.

Any questions or comments?



